The supply of nitrogen often limits the growth of plants, influencing the composition of plant communities, and ecosystem productivity (Boring et al. 1988, Vitousek and Howarth 1991) . A number of processes tend to reduce the biological availability of N in ecosystems, notably the strong link between organic N and recalcitrant C compounds in soils, and the mobility of N out of ecosystems by hydrologic and atmospheric pathways (especially leaching and denitrification). However, the capacity of biological nitrogen fixers to convert N 2 to organic N is substantial where symbiotic N fixers are abundant, and enough to maintain N pools in ecosystems and to replenish N losses (Vitousek et al. 2002) . Consequently, nitrogen fixation by autotrophs can be an important mechanism of nitrogen accumulation in ecosystems (Sprent and Sprent 1990) . Plant species with symbiotic N 2 -fixing bacteria can fix 50 to 200 kg N ha -1 y -1 in pure stands (Boring et al. 1988 , Binkley et al. 1994 , Cleveland et al. 1999 . These fixation
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Nitrogen availability frequently limits plant growth in natural ecosystems. N-fixers should have a substantial competitive advantage in N-limited systems, and as a byproduct of their activity they should increase the quantity and availability of N in the system as a whole. However, this effect has rarely been quantified in natural ecosystems. Heathlands in northwest Spain are frequently occupied by legume scrubs. We tested whether the presence of these legumes affected the N cycle in these communities. Specifically, we addressed the following questions: is nitrogen availability higher beneath legume canopies than beneath non-legume canopies? Is soil microbial biomass acting as a sink of extra N mineralized beneath legume canopies? Does the presence of legume scrubs change the soil pools of labile N and P? Is N plant uptake different under N-fixer scrubs than under non-N-fixer scrubs? To answer these questions, we sampled soil beneath the canopy of randomly selected individuals of Erica umbellata, Ulex gallii, and Genista tridentata twice during the growing season. Soil samples were analyzed for organic matter, NH 4 -N, NO 3 -N, DON, PO 4 -P, N mineralization and nitrification rates, and soil microbial biomass-N. In addition, we estimated N uptake by plants and the N concentration in green tissue to compare internal N cycles between legume and non-legume scrubs. Nitrification rates, DON (dissolved organic nitrogen), soil NO 3 concentration, and N uptake were significantly higher beneath legume canopies. However, soil microbial biomass-N and extractable-P were significantly lower under legumes. Our results showed that the presence of legume scrubs modify the size of N pools and the dominant form of available N for plants, increasing spatial heterogeneity in mixed stands.
inputs can be greater than atmospheric N loading in industrial regions (Wright and Rasmussen 1998) , and result in high leaching losses from N-saturated terrestrial ecosystems in polluted regions (Van Miegroet et al. 1992, Gundersen and Bashkin 1994) .
N fixers can increase soil N content and cycling rates in pure stands or in mixtures with other species (Binkley et al. 1992 , Rothe et al. 2002 . High rates of nitrification and organic matter cycling under N-fixing species generally accelerate cation leaching and soil acidification when compared to non-fixers (Van Miegroet and Cole 1984 , 1985 , Bormann et al. 1994 . Nitrogen-fixing plants may also affect other soil properties, including soil pH (Binkley and Sollins 1990) , carbon accumulation (Cole et al. 1995) , soil P fractions, and P cycling (Giardina et al. 1995 , Compton and Cole 1998 , Binkley et al. 2000 . Lower available soil P concentrations may result under nitrogenfixing species than under non-fixing species, because nitrogen-fixing species have high P requirements (Gressel et al. 1996) . However, a consistent pattern of nitrogen-fixing species increasing or decreasing available soil P has not been established. The presence of some N 2 -fixing species appears to increase available P in mixed stands (Giardina et al. 1995 , Zou et al. 1995 , but they decrease available P in pure stands (Cole et al. 1991 , Compton et al. 1997 . Rastteter et al. (2001) showed that N fixation is favored when (1) the canopy is open, (2) available N levels in the soil are low, and (3) the soil is already well exploited by fine roots. Low biomass and thin soils of heathlands in northwest Spain should provide conditions that favor N fixation, and consequently N cycling should be substantially affected by the presence of legume scrubs. These heathlands are dominated by Erica species (E. umbellata, E. cinerea, E. australis) , with the occasional presence of N-fixing legumes of the genus Ulex (U. europaeus, U. minor Roth, U. gallii) and Genista (G. tridentata). The presence of these legumes in heathlands is favored by disturbance, when conditions are optimal for the establishment of N-fixers (Vitousek and Field 1999, Casals et al. 2005) . The presence of legumes may increase the leaching of N out of ecosystems, as this area is under increasing atmospheric N deposition (Klein et al. 2005) . However, as suggested by McKey (1994) , legumes have an N-demanding lifestyle requiring higher concentrations of N than plants in other families. This greater requirement for N do not depend on the way individual plants are acquiring N. Thus, when N atmospheric fixation is not possible, legumes must increase the plant N uptake from soil. Therefore, plant N uptake may be as high under N-fixers as under non-fixers and N leaching may not be enhanced by the presence of N-fixing plants.
This work is a first attempt to quantify the role of individual plants as a source of spatial heterogeneity in the N cycle. The increase in this spatial heterogeneity may have important implications for plant dynamics, as it may favor species with high nitrogen requirements, affecting ecosystem biodiversity and productivity. Specifically, we addressed the following questions: (1) is nitrogen availability higher beneath legume canopies than beneath non-legume canopies? (2) Is soil microbial biomass acting as a sink of the extra N mineralized beneath legume canopies? (3) Does the presence of legume scrubs change the soil pools of labile N and P (NH 4 -N, NO 3 -N, PO 4 -P, and DON)? (4) Is N plant uptake different under N-fixer scrubs than under non-N-fixing scrubs?
Material and methods

Study site
The study area was located on the Galiñeiro mountain (Galicia, northwest Spain, 42°08´12.6´´N, 8°41´59´´W) at 700 m altitude. The climate is warm-temperate with a slight Mediterranean influence, with little precipitation during the summer months. Mean annual precipitation is about 2000 mm and the mean annual temperature is about 12.2°C. Soils of the study area are classified as Lithic Leptosol (FAO 1988) . These shallow soils are slightly acidic (pH 4.5), and are derived from the weathering of biotite gneiss bedrock. Beneath a thin litter layer lies a 10-cm-deep organic horizon with a 4.5% soil organic carbon content. Total plant cover (80%) was dominated by Erica umbellata, Ulex gallii, and Genista tridentata that accounted for 60%, 30%, and 10%, respectively, of the total plant cover. The area has been exposed to recurrent fires during the last century, although there were no recorded fires in the study site over the last 20 years. This area was also exposed to moderate-to-low herbivory rate, mainly by horses and goats.
Field methods
A 2-ha plot (slope 3-5%) was located in the study area in July 2003. Ten individuals of each of the three dominant scrub species were randomly chosen within this plot. The top 10 cm of the soil profile beneath the canopy of the selected individuals was sampled twice in the growing season with a 20-day interval (9 July and 29 July). Net nitrification and N-mineralization rates were measured using the procedure described by Eno (1960) . For each soil sample, the top 10 cm of soil A horizon was removed and placed in a plastic bag, then reburied in the forest floor for a 20-day incubation. Net N mineralization was defined as the net increase in NH 4 -N + NO 3 -N over the incubation interval; of this, the net increase in NO 3 -N was used to indicate net nitrification rate. Samples were collected at the beginning and end of the incubation to establish concentrations of NO 3 -N and NH 4 -N in unincubated samples. Mean gravimetric soil water content and mean temperature during the incubation was 18% and 20°C, respectively. A metallic cylinder of 5 cm diameter × 15 cm high was used for sampling. Samples of above-and belowground plant tissues were collected from each selected individual on the second sampling date.
Lab analysis
Each soil sample was sieved (<2 mm) in field-moist condition, and then analyzed for organic matter, mineral N (ammonium and nitrate), microbial biomass-N, and DON. In the samples, the organic matter was estimated by loss-onignition (Nelson and Sommers 1996) . In order to extract mineral nitrogen from soil, 10 g of sample was shaken with 100 ml of a 2 M KCl solution for 1 h, and the suspension was filtered through a 0.45 µm Millipore filter. Aliquots of this solution were transferred in three batches on to microplates. Nitrate was reduced to ammonium by allowing the Devarda alloy to react overnight with the extract. NO 3 -reduction efficiency by Devarda alloy was close to 100%, and corrections with blanks, NO 3 -, and NH 4 + standards were carried out in each run. Samples were then transferred to another microplate and mineral nitrogen content in these samples was determined by colorimetry, using a microplate reader (Sims et al. 1995) . Soil phosphate was extracted at a ratio of 20:1 with 2.5% v/v acetic acid and measured by colorimetry (Allen et al. 1986 ). Soil microbial biomass-N was analyzed in incubated and unincubated soil samples using the fumigation-extraction method as outlined by Brookes et al. (1985) . Fresh soil subsamples were exposed to chloroform for 5 days. Five g of soil were extracted with 100 ml of 0.5 M K 2 SO 4 , and filtered through 0.45 µm Millipore filters. Subsamples extracted with 0.5 M K 2 SO 4 immediately before fumigation served as controls. Total N from non-fumigated samples was subtracted from fumigated ones in order to estimate microbial biomass-N. Total N in the extracts was calculated using a persulfate oxidation technique, which was originally developed for the determination of total N in seawater (D'Elia et al. 1977) . This method has proven to be a rapid and efficient way to measure total nitrogen in K 2 SO 4 extracts (Cabrera and Beare 1993, Hossain et al. 1993) . Nitrate in the digest was reduced to ammonium and analyzed by colorimetry as described above. DON was analyzed by persulfate oxidation of non-fumigated K 2 SO 4 extracts and substraction of mineral N from those extracts (Cabrera and Beare 1993, Doyle et al. 2004) .
All results were expressed as milligrams per kilogram of soil or milligrams per kilogram of soil per day (N net mineralization, net nitrification, and plant N-uptake), based on oven-dried soil.
Plant tissue samples (leaves, stems, and roots, < 2 mm diameter) were air-dried, milled without heating, and stored for subsequent analyses. For plant N analysis, samples were digested in selenous sulfuric acid (Walinga et al. 1995) . Diluted aliquots of the digestion were analyzed for N by colorimetry (indophenol blue method) using a microplate reader (Sims et al. 1995) , and for P by colorimetry (molybdenum blue method, Allen et al. 1986 ).
Numerical analysis
Nitrogen uptake for each selected individual was estimated by mass-balance method. The total N uptake over the 20-day period was estimated as follows:
where Np was plant N uptake during the 20-day period, ∆ mineral-N was the increase of NH 4 -N plus NO 3 -N observed in the incubated samples (without root uptake) compared to the unincubated samples (with root uptake). Nm was microbial N uptake during the 20 days, calculated as the increase of microbial biomass-N in the incubated samples compared to the unincubated samples.
On account of the lack of precipitation in the 20-day incubation period and the high redox potential of soils, denitrification and N leaching were taken as zero.
We compared the differences in plant N and P concentration as well as soil variables between Erica umbellata versus the two legume species (U. gallii and G. tridentata). Differences among the three species were also tested by using permutation test, but we combined results for the two legume species because differences between them were not significant. The Shapiro-Wilk normality test on the plant and soil variables showed that, in most cases, data were not significantly adjusted to a normal or log-normal distribution. Consequently, data were ranked and analyzed using the non-parametric Kruskal-Wallis statistical test. Statistical analyses were performed with the statistical software R (R Development Core Team 2006).
Results
Soil organic matter concentrations beneath N-fixers were not significantly different from values found under nonfixing scrub canopies (Table 1) . Differences in the soil inorganic nutrient pools between N-fixers and non-fixers yielded mixed results. No differences were found in soil NH 4 -N concentrations, but NO 3 -N was significantly higher and soil PO 4 -P was significantly lower beneath Nfixing species than under non-N-fixers (Table 1) . Mean soil NO 3 -N concentration was between 2 and 4 times higher under N-fixers, while mean soil PO 4 -P decreased between 50% and 100% under N-fixers. The microbial biomass-N was significantly 35% lower under N-fixers than under non-fixers. Differences in DON concentration were not consistent on the two sampling dates; no differences were found for DON on the first sampling date, but higher levels of DON under N-fixers were found on the second sampling date (Table 1) . Soil DON concentration was of the same order of magnitude as soil NH 4 -N and NO 3 -N.
The difference in the net N mineralization rate between N-fixers and non-fixers was not significant (Table 2) ; however, differences were found in the net nitrification rate and the estimated plant N uptake rate ( Table 2 ). The net nitrification rate was an order of magnitude higher under N-fixers than under non-fixers, and N uptake by N-fixing plants was three times higher than that of non-N-fixing plants. Plant N uptake was of similar magnitude to the net mineralization rate in Erica umbellata, but higher than the net mineralization rate under the N-fixing species (p< 0.05).
Above-and belowground plant N concentrations in Nfixers were significantly higher than in non-fixers tissues (Table 3) . However, differences in above-and belowground plant P concentration were not significant (Table  3) .
Discussion
The main effect of the presence of legume species was the increased nitrification rate, NO 3 concentration and N uptake rate under their canopies. Contrary to our expectations, the microbial biomass did not act as an extra sink for N under legumes, and soil organic matter and overall N and P availability were not increased under N-fixer species. Therefore, our results highlighted that changes in microbial activity (less ammonification, more nitrification), and changes in microbial populations (as suggested by less N in microbial biomass) were more important that changes in total soil organic and inorganic pools. However, mean distance between plants were about 1 m, and we can not discard that legumes and Erica plants were mutually influenced by each other, decreasing the expected differences between these two types of plants.
Comparisons by some authors of N-fixers versus non-N-fixers have found 20%-100% more soil organic C under N-fixers (Johnson 1992 , Cole et al. 1995 , Rhoades et al. 1998 , Kaye et al. 2000 , Resh et al. 2002 , suggesting that communities with pure and mixed species that include N-fixers appear to be an option for soil C sequestration purposes. However, in agreement with our results, other authors found little effect of N-fixing species on organic matter of surface soil (Stock et al. 1995, Haubensak and Parker 2004) . In our study area, the effects of N-fixers on soil organic matter may be obscured by losses of organic matter from soils due to the effect of recurrent fires (Roscoe et al. 2000) . Haubensak and Parker (2004) found that net mineralization and nitrification rates were significantly higher in Cytisus-invaded soils compared to non-invaded soils in prairies of western Washington. We find differences only in the net nitrification rate, indicating that only nitrifica- Table 2 . Means and standard deviations of soil N mineralization, nitrification, and plant N uptake rates and the soil C-to-N ratio estimated under the canopy of N-fixer (n = 20) and non-fixer (n = 10) scrubs in a heathland in northwest Spain (top 10 cm of soil profile). Table 1 . Mean soil variables measured under the canopy of N-fixer (n = 20) and non-fixer (n = 10) species on two sampling dates (top 10 cm of soil profile). Values between brackets are standard deviations. MB-N = microbial biomass-N. DON = dissolved organic nitrogen. tion was favored by the presence of legumes. Competition for NH 4 between nitrifiers and other soil microbes has been postulated as the cause for inhibition of nitrification rates observed in several ecosystems (Binkley and Vitousek 1991) . In our study site, the different quality of litter and organic matter accumulated under N-fixers may have favored the nitrifier activity. This assumption implies that under a high C-to-N ratio, sufficient C-substrate exists to enable heterotrophic microbial growth (NH 4 immobilization) to dominate over autotrophic growth (NH 4 + oxidation). But when the C-to-N ratio is low (under N-fixers), then heterotrophs can no longer immobilize NH 4 + but nitrifiers can still oxidize NH 4 + to NO 3 -and consequently it accumulates. Differences in moisture levels or pH between soils cannot explain the differences in nitrification rates, since these variables of the two soils were not significantly different (data not shown). The enhancement of the nitrification rate and soil NO 3 concentration, but not the mineralization rate or soil NH 4 under legumes, agrees with the conclusion of Haubensak and Parker (2004) that the impact of legume invasion may be influenced or tempered by chemical or microbial effects on the soil rather than simply increasing labile N. This soil N enhancement effect has been demonstrated in a number of other studies of N-fixers (Vitousek and Walker 1989 , Stock et al. 1995 , Maron and Connors 1996 . Enhancement of soil N quality by Nfixers may appear to be highly predictable, yet this effect can vary strongly even between closely related species (Stock et al. 1995) . The highest nitrification rate and NO 3 -N concentration found under N-fixers in this study may lead to higher losses of N through leaching from the ecosystem, as found in systems of high nitrogen fixation (Binkley et al. 1992 , Compton et al. 2003 .
Extractable phosphate was also significantly lower under N-fixing species, suggesting that N-fixers depleted soil phosphate due to a higher demand for soil P. There are two reasons why symbiotic N fixers might have a greater requirement for P than non-fixers. First, building and/or maintaining the symbiosis, and/or the fixation process itself, requires more P than is needed by non-fixing organisms. Second, fixers could have a P-demanding lifestyle to support the N-demanding lifestyle that McKey (1994) proposes to be driving the legume-rhizobium symbiosis. A commitment to high N levels in organisms may entrain a commitment to high P levels as well (Vitousek et al. 2002) . The lack of significant differences in P concentrations in plant tissues found in our plant community did not support this last alternative.
The results presented here confirm the previous studies showing that DON represents a major soluble N pool in soil and reaffirms the need to include DON in ecosystem N budgets and N cycling studies (Murphy et al. 2000 , Siemens and Kaupenjohann 2002 , Jones et al. 2004 ). Differences in DON between fixers and non-fixers were significant only at the second sampling date, with higher levels beneath the N-fixer canopy. The loss of DON is an important route for N loss in terrestrial ecosystems and can account for a significant fraction of N losses to streams, despite the ecosystem demand for N (Perakis and Hedin 2002 , Vitousek et al. 2002 , Neff et al. 2003 . Both soil NO 3 and DON diffuse better in soil than soil NH 4 , facilitating N uptake for plants under legumes and nearby plants, but also increasing the risk of N losses from the ecosystem.
The lower levels of microbial biomass-N under legumes may indicate changes in the C-to-N ratio of the microbial population more than a decrease in total microbial biomass under legumes. Indeed, the higher nitrification rate under legumes is an indicator that the microbial population under N-fixers may be different from those under non-fixers. Less N immobilized by soil microbes may enhance N losses from the ecosystem, because rapid microbial NO 3 -, NH 4 + , and DON assimilation may be an important mechanism for N retention. These forms of nitrogen assimilated by microbial biomass can be released as organic N that is less susceptible to leaching and denitrification (Yu et al. 2003) . The lower microbial biomass-N and higher nitrification rate found under legumes is consistent with the observation made by Binkley et al. (1992) that N-fixers typically accelerate N turnover more than they increase N capital.
Our results supported McKey's (1994) suggestion that legumes in general have an N-demanding lifestyle -that they require higher concentrations of N than do plants in other families. He suggests that this greater requirement for N should be observed, whether or not an individual plant is acquiring its N by fixation, and whether or not an individual species of legume also has the capacity to fix N. Our mass balance approach indicated that N uptake by roots was higher under the two N-fixing species than under E. umbellata. Besides, although we do not have experimental support, indirect evidence suggested that atmos- Table 3 . Means and standard deviations of N and P concentrations of above-and belowground tissues of N-fixer (n = 20) and non-fixer (n = 10) scrubs in a heathland in northwest Spain. pheric N fixing is operating in our plant community. First, nodules were apparent in roots of these legumes, indicating their ability to fix atmospheric N on a short-term basis. Second, Rastetter et al. (2001) showed that legume N-fixation is more economical than soil N uptake when the canopy is open, the soil is well exploited by roots, soil inorganic N concentrations are low, and other soil resources (P, water) are readily available. Most of these conditions are fulfilled in the studied heathland community, suggesting that N-fixing may be operating in our plant community to some extent. Our results showed that the presence of legumes scrubs modify the size of N pools and the dominant form of available N for plants, increasing spatial heterogeneity in mixed stands, which may allow coexistence of plant species with different N requirements.
